Tumour metastasis suppressors are inhibitors of metastasis but their mechanisms of action are generally not understood. We previously showed that the suppressor Raf kinase inhibitory protein (RKIP) inhibits breast tumour metastasis in part via let-7. Here, we demonstrate an integrated approach combining statistical analysis of breast tumour gene expression data and experimental validation to extend the signalling pathway for RKIP. We show that RKIP inhibits let-7 targets (HMGA2, BACH1) that in turn upregulate bone metastasis genes (MMP1, OPN, CXCR4). Our results reveal BACH1 as a novel let-7-regulated transcription factor that induces matrix metalloproteinase1 (MMP1) expression and promotes metastasis. An RKIP pathway metastasis signature (designated RPMS) derived from the complete signalling cascade predicts high metastatic risk better than the individual genes. These results highlight a powerful approach for identifying signalling pathways downstream of a key metastasis suppressor and indicate that analysis of genes in the context of their signalling environment is critical for understanding their predictive and therapeutic potential.
Introduction
Metastasis is a complex multistep process that leads to distant spread of cancer and is responsible for the majority of breast cancer-related mortality (Massague, 2007) . However, with the multiplicity of potential tumourigenic genes revealed by new sequencing technologies, it is difficult to identify key downstream mediators of metastasis. Within any one tumour type, there is a spectrum of relatively rare mutant genes rather than a key driving oncogene. Furthermore, the genes that have been identified tend to cluster into discrete signalling pathways, suggesting the importance of understanding genes in the context of the signalling environment. Therefore, any method that enhances our ability to identify signalling pathways compromised in metastatic patients would be an improvement on current approaches.
To facilitate the discovery of metastasis mediators, recent experimentally driven approaches have led to signatures based upon specific oncogene activation (Bild et al, 2006) , organ-specific metastasis (Kang et al, 2003; Minn et al, 2005) , or well-characterized signalling pathways serving novel roles in metastatic disease (Nguyen et al, 2009) . Nonetheless, even with the identification of mechanistically meaningful signatures, the genes that comprise them often have ambiguous biological relationships to one another.
One strategy for identifying key metastasis signalling pathways is to elucidate the mechanism of action of metastasis suppressor genes (reviewed in Bodenstine and Welch, 2008) . Raf kinase inhibitory protein (RKIP; also PEBP1) is a metastasis suppressor that regulates growth and differentiation in a variety of organisms (reviewed in Granovsky and Rosner, 2008; Zeng et al, 2008) . RKIP plays a key role as an inhibitor of MAP kinase (MAPK), G-protein-coupled receptor and NFkB signalling cascades (Yeung et al, 1999 (Yeung et al, , 2001 Corbit et al, 2003; Lorenz et al, 2003; Trakul et al, 2005) , and loss of RKIP promotes genomic instability through suppression of the spindle checkpoint (Eves et al, 2006) . RKIP expression is decreased in many solid tumours and RKIP suppresses metastasis but not primary tumour growth in prostate and breast tumour xenografts (Fu et al, 2003 (Fu et al, , 2006 Schuierer et al, 2004; Hagan et al, 2005; Akaishi et al, 2006; Al-Mulla et al, 2006; Chatterjee et al, 2008; Dangi-Garimella et al, 2009) . We recently identified a signalling pathway by which RKIP inhibits breast cancer invasion, intravasation and bone metastasis in a xenograft murine model (DangiGarimella et al, 2009) . The mechanism involves inhibition of MAPK, leading to suppression of Myc, decreased LIN28 transcription, and enhanced processing of microRNA let-7. The present study extends this signalling cascade by identifying biologically and clinically relevant metastatic regulators that function downstream of let-7 to promote metastasis.
The goal of this study was to establish a mechanistically driven and clinically relevant metastasis signalling pathway for breast cancer. We utilized a bioinformatics-driven ( Figure 1A) , suggesting that the RKIP/let-7 pathway controls bone metastasis by inhibiting BMS mediators. Among the individual BMS genes, MMP1, CTGF, OPN, and CXCR4 had high importance scores. No BMS genes were found to be high confidence let-7 target genes.
RKIP pathway relationships were then analysed and validated in a step-by-step fashion. Among the individual high confidence let-7 target genes correlated to RKIP, we previously identified HMGA2. Therefore, we focused on the leucine zipper transcription factor BACH1 because it is a novel let-7 target, and a gene list of potential BACH1 transcriptional targets is available from the TRANSFAC database. To determine if BACH1 is associated with let-7, a 'meta-gene' for let-7 (LET7-TG) was derived using a weighted average of expression values for let-7 target genes correlated with RKIP (Supplementary Table SI ; see Supplementary data). As hypothesized, a significant proportion of BACH1 target genes (BACH1-TG) correlated with LET7-TG, consistent with BACH1 being a target of let-7. Notably, MMP1 is a predicted BACH1 transcriptional target and had one of the highest importance scores relating BACH1-TG to LET7-TG ( Figure 1A ). Further pathway analysis revealed that expression of BMS genes is associated with a meta-gene for BACH1-TG, and confirmed MMP1 as a potential BACH1-regulated BMS gene ( Figure 1A ).
To confirm the relationship between RKIP and let-7, we examined two combined primary tumour data sets (181 samples) (Blenkiron et al, 2007; Enerly et al, 2011 ) that paired both microRNA and mRNA expression data. These results show a very significant correlation between RKIP and, in particular, let-7e (Supplementary Figure S2A ; correlation coefficient ¼ 0.20; Po0.006). Other let-7 family members are close to the 95% confidence level for significance (e.g. Po0.08 for let-7g). The association of RKIP with individual let-7 genes appears less robust than that between the let-7 genes as a set presumably because of the multiplicity of let-7 family members that all contribute to the final output. Since we had previously focused on let-7a and let-7g in our cell lines, we analysed let-7e expression in 1833 cells in response to RKIP expression. These results confirm that RKIP induces let-7e at levels comparable to those of let-7a or g (Supplementary Figure S2B) . Analysis of predicted target genes for let-7a, let-7g, and let-7e using PicTar (TargetScan does not distinguish between let-7 family members) revealed 93-94% overlap. Furthermore, BACH1 is a predicted target of all three let-7 family members. In total, these results suggest that multiple let-7 family members contribute to the regulation of metastasis in breast tumour cells.
We also did a GSA using LET7-TG as the dependent variable and eight let-7 genes as a gene set and compared this with random gene sets of eight microRNAs. The let-7a-g genes, when analysed either individually or as a set, show a negative correlation with the let-7 target genes (LET7-TG) as expected (Supplementary Figure S2C ; Po0.05). These results suggest that LET7-TG is a good surrogate readout for the activity of the let-7 family.
In total, the bioinformatics-driven pathway analysis using clinical expression data suggests that RKIP functions as a bone metastasis suppressor in part by inducing the expression of let-7, which in turn inhibits expression of proteins including HMGA2 and the predicted target BACH1. We identified a set of genes that are potentially transcriptionally activated by BACH1, and these BACH1 target genes correlate with BMS genes. Finally, our analyses suggest that BACH1 may be a direct transcriptional regulator of the BMS gene MMP1. A heatmap shows the expression of these genes across primary breast cancers (Supplementary Figure S1B) .
RKIP regulates BACH1, a novel let-7 target
In order to experimentally confirm that BACH1 is a novel RKIP-regulated let-7 target and to investigate other key features of the predicted RKIP metastasis signalling pathway, we analysed 1833 cells that either ectopically expressed wildtype RKIP (wt) or S153E RKIP, a non-phosphomimetic mutant that more potently inhibits Raf-1 (Corbit et al, 2003) . Increased expression of wt RKIP and S153E RKIP downregulated BACH1, HMGA2, IMP2, and IMP3 transcripts, as did expression of let-7a and let-7g precursors (pre-let-7) ( Figure 1B ). BACH1 and HMGA2 were also extensively downregulated at the protein level ( Figure 1C ). To confirm that BACH1 mRNA directly binds let-7, the BACH1 3 0 UTR region containing two let-7-binding sites was cloned into a luciferase reporter construct ( Figure 1D ). Expression of precursor let-7 (a,g) or RKIP (wt, S153E) inhibited reporter activity for the wt BACH1 3 0 UTR (BACH1 3 0 UTRwt) but not a mutated BACH1 3 0 UTR (BACH1 3 0 UTRmut) ( Figure 1E ; Supplementary Figure  S3A) . Similarly, precursor let-7g downregulated BACH1 protein, and a let-7 inhibitor (anti-let-7) upregulated BACH1 protein (Supplementary Figure S3B and C) . In total, these results establish that BACH1 is a direct let-7 target, and RKIP regulates BACH1 via let-7 binding.
GSA
RKIP and let-7 regulate key BMS genes through HMGA2 and BACH1 Key BMS genes are predicted to be downstream of the RKIP/ let-7 pathway. Of the four BMS mediators negatively associated with RKIP based on clinical expression data (Supplementary Figure S1A) , at least three (MMP1, CXCR4, and OPN) had decreased transcript and protein expression in wt and S153E RKIP-expressing cells (Figure 2A and B) . Similarly, these three genes were downregulated by transfection of let-7a and particularly let-7g (Figure 2A and B) . Figure S1A) and validated using the BrCa871 data set. The top panels show GSA results for the indicated steps in the RKIP pathway. Meta-genes comprised of let-7 or BACH1 target genes were used as readouts for let-7 (LET7-TG) or BACH1 (BACH1-TG), respectively. The red curve indicates the distribution of gene scores for each gene set shown on the right side of the pathway arrow in response to RKIP (first and fourth panels), LET7-TG (second panel), or BACH1-TG (third panel). The black curve is a null distribution. The P-values for all results are Po0.001. For BACH1-TG, MMP1 was omitted from the GSA to prevent bias. In the bottom panel, a multivariable random forest (RF) model was used to determine how well individual genes in each gene set shown on the right side of the pathway arrow account for the variation in upstream pathway genes shown on the left side of the pathway arrow. Genes are ranked by an importance score, which measures the contribution of each gene in the gene set in accounting for the observed variation (higher scores are better). Shown are barplots of the importance scores along with Monte Carlo standard deviations (for presentation purposes, genes with importance scores below the bottom 10% are not shown). Overall model fit is measured by the indicated pseudo-R-squared (see Supplementary data). (B) RKIP or let-7 downregulate transcripts for predicted let-7 targets. 1833 cells transduced with control vector, wt RKIP, or S153E RKIP (upper panel) or transfected with pre-miR let-7a or pre-miR let-7g (lower panel) were analysed by qRT-PCR for predicted let-7 targets BACH1, HMGA2, IMP2, IMP3, MAP4K4, and GOLT1B (mean ± s. The effect of the transcription regulators BACH1 and HMGA2 on BMS genes was then determined by shRNA depletion. Examination of mRNA and protein revealed that BACH1 depletion decreased MMP1 and CXCR4, and inhibition of HMGA2 lowered CXCR4 and OPN expression ( Figure 2C and D) . Knockdown of either gene inhibited invasion without affecting cell proliferation ( Figure 3A Figure 3C and D). Although three independent shRNA constructs for BACH1 showed similar inhibition of invasion, we were unable to isolate 1833 cells that overexpress BACH1
BACH1 directly regulates MMP1
Pathway analysis based on clinical expression data reveals that expression of MMP1 is highly predictive of the expression of BACH1 target genes; therefore, we focused on the relationship between the two genes. Analysis of the promoter region of MMP1 reveals at least two potential BACH1 sites that are similar to those of AP1. These sites were mutated singly or together to identify the site of BACH1 binding in 1833 cells ( Figure 3E ). A luciferase reporter linked to either the wt or mutated MMP1 promoter region confirmed that BACH1 induces MMP1 expression by binding to a specific AP1-like site in the promoter; by contrast, TPA activated both AP1-like sites ( Figure 3E ). Chromatin immunoprecipitation (ChIP) analysis of BACH1 binding similarly revealed an increase in MMP1 promoter association ( Figure 3F ). These results confirm a novel signalling cascade from RKIP to MMP1 via let-7 and its target BACH1, highlighting the role of let-7 targets in suppressing key metastasis genes. A scheme summarizing the RKIP metastasis pathway is depicted in Figure 3G .
A metastasis signalling pathway for RKIP regulates experimental metastasis
When introduced into the left cardiac ventricle, 1833 cells give rise to bone metastasis in immunocompromised mice. To determine if genes we identified along the RKIP metastasis signalling pathway affect experimental metastasis, a series of shRNA gene targeting and rescue experiments were performed. Depletion of BACH1, HMGA2, or both resulted in decreased metastasis of 1833 cells to bone, similar to RKIP expression ( Figure 4A , left panel). In each case, overexpression of MMP1, OPN, and/or CXCR4 in combination could rescue this effect on metastasis and on invasion, with no effect on proliferation (Supplementary Figure S4A-D) . Similarly, overexpression of HMGA2 was able to partially restore bone metastasis in RKIP-expressing cells (Supplementary Figure S4E ). As noted above, we were unable to isolate BACH1-overexpressing cells. BACH1 depletion, like RKIP expression, had no effect on cell growth in culture or on primary tumour growth in mice but did inhibit intravasation ( Figure 4B -D). HMGA2 was previously shown to promote primary tumour growth, which could account in part for the observed effects on metastasis (Mayr et al, 2007) . In total, these results indicate that BACH1 selectively regulates invasion, intravasation, and metastasis.
More extensive analysis revealed that combinations of BMS genes are generally more effective than single genes at reversing RKIP inhibition of invasion (Supplementary Figure  S5A and C) and bone metastasis ( Figure 4A , right panel) with no effect on proliferation (Supplementary Figure S5B) . However, even high overexpression of the three BMS genes was insufficient to completely overcome RKIP inhibition of metastasis ( Figure 4A ), and combinations of two genes poorly rescued HMGA2 or BACH1 loss ( Figure 4A ). Similarly, in 1833 cells expressing inducible let-7g, the three BMS genes rescued let-7g inhibition of invasion with no change in cell growth ( Figure 5A -C) and partially rescued let-7g suppression of bone metastasis ( Figure 5D ). Since prolonged induction of let-7 expression also inhibits cell proliferation and presumably growth at distant sites (DangiGarimella et al, 2009), incomplete rescue by BMS genes is not surprising.
To ensure that the RKIP pathway is not limited to a single cell type, we tested the RKIP-BACH1-BMS axis using other invasive breast cancer cell lines. Figure S6G) . To test the effect of RKIP loss, we used MDA-MB-435 cells. Although the origin of this cell line has been disputed (breast or melanoma), it has many properties similar to those of other aggressive breast cancer cell lines (Chambers, 2009 ). MDA-MB-435 cells have B20-fold more RKIP than 1833 cells and are weakly metastatic. RKIP depletion causes a decrease in let-7g and an increase in BACH1 expression (Supplementary Figure S7A-C) , consistent with the reported increase in invasion and metastasis (Li et al, 2009) .
Taken together, these results demonstrate that the RKIP signalling pathway regulates experimental metastasis in multiple breast cancer cell lines. Furthermore, downstream pathway genes in combination are more effective at promoting metastasis than individual genes, downstream mediators at least partially counteract the inhibitory effect of RKIP, and both upstream and downstream RKIP pathway genes contribute to metastasis.
The RKIP pathway metastasis signature
To further explore the significance of the RKIP metastasis pathway, we define a 'signalling pathway signature' termed the RKIP Pathway Metastasis Signature, or RPMS. Unlike more typical gene expression signatures, this signalling pathway signature is based upon an experimentally validated signalling pathway that connects the genes. For five RPMS genes (RKIP, HMGA2, MMP1, CXCR4, and OPN), the signature solely measures their mRNA expression. For let-7 and BACH1, the signature measures meta-genes for let-7 targets (LET7-TG) and BACH1 targets (BACH1-TG). Thus, although the RPMS is based on a pathway of only seven genes, it measures the expression of 117 genes due to the large number of genes used as readouts for let-7 and BACH1 (see Figure 6A and Supplementary Table SI) .
The association between RPMS expression and invasion was examined for a panel of 13 common breast cancer cell lines with published gene expression array data (Neve et al, 2006) . The expression of each RPMS gene or meta-gene in each cell line was related to the median value for all cell lines to determine whether their expression was high or low ( Figure 6B ). Cells with an RPMS expression pattern that is generally inhibitory for metastasis (blue) are poorly invasive, while a pattern showing low RKIP and high downstream RPMS genes (orange) correlates with high invasiveness. These results experimentally support the ability of the RPMS to identify aggressive breast cancer cell lines.
Critical role of RKIP in the ability of the RPMS to predict clinical metastasis
To determine whether the RPMS is associated with metastatic risk, a univariable Kaplan-Meier analysis of the individual RPMS genes was performed. When considered individually, RPMS genes show modest or no association with metastasisfree survival among the BrCa871 data set ( Figure 6C ). In contrast, patients with RPMS expression indicating high pathway activity (RKIP expression less than the median and expression of downstream RPMS genes greater than the median) have a markedly greater risk for metastasis compared with those patients with a less active pathway ( Figure 6C , bottom right panel). The importance of RKIP status is further underscored by examining all patients that coexpress downstream RPMS genes above the median. The successive addition of downstream RPMS genes leads to greater separation of the survival curves among patients with low RKIP ( Figure 7A , RKIP low). By contrast, downstream RPMS genes do not significantly increase metastatic risk among patients with RKIP expression above the median ( Figure 7A , RKIP high). The striking increase in metastatic risk for patients with highly expressed downstream RPMS genes and low but not high RKIP was further confirmed by independent breast cancer patient data sets (Ishwaran H, Boelens MC, Rosner MR, and Minn AJ, in preparation) . These findings highlight the potent ability of RKIP to act as a metastasis suppressor.
RPMS genes cooperatively drive clinical metastasis
To test whether the genes in the RPMS predict metastasis risk in a cooperative rather than an additive way, we utilized random survival forests (RSFs). An ensemble partitioning tree method for survival data that considers the effects of all possible interactions between genes, RSF allows coopera- , and OPN) were grown in the presence of 2 mg/ml doxycycline for 24 h. Cells were injected into the left ventricle of mice, and 2 days later, mice were administered with drinking water containing 4% sucrose only or 2 mg/ml doxycycline and 4% sucrose. Mice were imaged for luciferase activity after 3 weeks. Results represent the mean ± s.d. for the animals. Gene expression microarray data from 13 breast cancer cell lines were analysed for expression of genes in the RPMS. For five RPMS genes (RKIP, HMGA2, MMP1, CXCR4, and OPN), the mRNA expression of these genes is measured relative to the median. For let-7 and BACH1, the meta-gene for let-7 targets (LET7-TG) and the meta-gene for BACH1 targets (BACH1-TG) are measured relative to the median. Expression of RKIP greater than the median value or expression of other RPMS genes less than the median value are expected to inhibit invasion/metastasis and are coloured in blue. Low expression of RKIP or high expression of other RPMS genes are expected to promote invasion/metastasis and are coloured in orange. Hierarchical clustering was used to group cells by RKIP pathway genes. The percentage of invasion (mean±s.d.) is indicated above the heatmap. (C) Metastasis-free survival for patients from the BrCa871 data set is shown stratified by median cut point for the expression values for each of the indicated genes. For each gene, the corresponding probe intensity values from microarray data were used, except for let-7 and BACH1 where the meta-gene was used. Red indicates expression greater than the median and blue is less than the median. For the plot 'RKIP low/downstream high', red indicates patients that have RKIP expression less than median and all other downstream genes have expression greater than median, while blue indicates patients that do not meet this condition. Survival curves are determined by the Kaplan-Meier method and the indicated P-values are calculated by the log-rank test. observed in RKIP high tumours, the effect is markedly higher in RKIP low tumours (diff).
The RPMS defines a metastatic gene network
Because the RPMS predicts metastasis and the RKIP-regulated genes are likely members of a more extensive signalling network, we determined the potential relationship of the RPMS to known cancer-related pathways. For this analysis, KEGG cancer-related gene sets along with the BMS were tested for a significant association with the RKIP pathway and for connections to let-7 and/or BACH1 target genes. Cancer gene sets determined to be significant are shown as nodes ( Figure 6A) . Notably, breast cancer proliferation genes and common breast cancer prognostic signatures were also analysed but were not significantly associated with the RKIP/ let-7/BACH1 pathway (Ishwaran H, Boelens MC, Rosner MR, and Minn AJ, in preparation). Edges between nodes indicate that at least one or more genes are shared between the pathway and the BACH1 and/or let-7 target gene sets. Of these genes, N-Ras, SHC3, TGFbR1, and AKT3 stood out as most connected. The relative contribution of each pathway node to clinical metastatic risk was also measured by a relative importance score denoted by differences in colour. The top metastatic nodes include the bladder cancer pathway, TGFb pathway, MAPK signalling, VEGF signalling, JAK-STAT signalling, and the BMS. Pathways with a relative importance score of less than zero have the lowest contribution to predicting metastatic risk when the entire network is considered. The results of these analyses demonstrate that the RKIP/let-7/BACH1 axis interacts with multiple pathways through key genes that have previously been implicated in metastasis. 
Figure 7
The RPMS forms a network of genes that cooperatively predict and contribute to metastasis. (A) Metastasis-free survival for patients stratified by RPMS status is shown. RKIP low (RKIP transcript expression below the median) and RKIP high (RKIP transcript expression above the median) patients in the BrCa871 cohort of patients are analysed separately. Statistical significance for the indicated pathway conditions (legend on bottom) was determined by comparison to patients with low expression of all RKIP pathway genes downstream of RKIP (none) and reported as a P-value based on the log-rank test. (B) The BrCa871 data set was used to determine cooperativity between the RPMS genes in predicting clinical metastatic risk for tumours that are RKIP high or RKIP low. An importance score, which measures the degree to which genes contribute to overall prediction accuracy (higher scores are better) was calculated for RPMS genes separately or together (Coop). The cooperative importance score was then compared with the sum of the separate importance scores for the downstream genes in the pathway (Add) and the difference (Diff) was used as a measure of cooperation. Error bars are standard deviations from 500 Monte Carlo runs. (C) RPMS genes are part of a network that contributes to clinical metastasis. Cancer-related pathways were tested for association with the RKIP pathway by GSA and by overrepresentation among let-7 and BACH1 target genes using a hypergeometric test. Each node represents a pathway that passes both test criteria. Pathways with genes enriched in let-7 target genes are shown using a blue edge and pathways with genes enriched in BACH1 targets are shown with a brown edge. A meta-gene score for each pathway shown was used along with the indicated RPMS genes (light blue) in a predictive model for metastasis using the BrCa871 data set (see Materials and methods). The contribution of each pathway to metastatic risk was measured by a relative importance score. This relative importance score is displayed in quartiles as colour-coded pathway nodes. When considering the entire network, pathways with an importance score less than zero (beige) contribute little to metastatic risk prediction. The prediction error for the entire network is 37.9 ± 0.66%.
Discussion
By integrating experimental systems and clinical expression data with molecular and statistical modelling, we leveraged the ability of each approach to predict and validate a unique RKIP signalling pathway that regulates metastasis. We demonstrate that RKIP inhibits let-7 target genes BACH1 and HMGA2 that in turn promote breast cancer metastasis genes MMP1, OPN, and CXCR4. We utilized this RKIP signalling pathway as the basis for generating a differentially weighted metastasis gene signature termed the RPMS ( Figure 7C ). This approach for constructing pathway-specific gene signatures downstream of a key tumour suppressor is a general one that should have applicability to other genes and tumour types. The RPMS is expressed in part or in full by a subpopulation of primary human breast cancers expressing RKIP at levels lower than the median. Individually, each RPMS gene is negligibly or weakly associated with metastasis; however, when considered together the ability to identify high-risk patients dramatically improves. The RPMS predicts invasive potential in breast cancer cell lines and predicts metastasis across breast cancer patient cohorts. Taken together, these results suggest that the RPMS identifies a cancer patient subpopulation with an intracellular environment that enables induction of metastasis by the mechanistically linked RKIP signalling cascade.
Further clinical validation and translation of the RPMS is addressed in a related study (Ishwaran H, Boelens MC, Rosner MR, and Minn AJ, in preparation) . For example, basal triple-negative breast cancers (TNBCs), which comprise 15-20% of invasive breast cancer tumours overall and 60% among African American populations, have the shortest survival and highest rates of relapse after treatment (Schneider et al, 2008) . In contrast to proliferation-based signatures, the RPMS also predicts metastasis for basal/ TNBCs (Ishwaran H, Boelens MC, Rosner MR, and Minn AJ, in preparation). Identification of the RPMS as a prognostic metastasis pathway signature for difficult to predict subtypes such as TNBC reveals how it complements the weaknesses of existing prognostic gene signatures.
In contrast to most gene signatures, an overall mechanistic connection between individual RPMS component genes was experimentally and clinically validated. We therefore refer to the RPMS as a 'signalling pathway signature' to distinguish it from signatures that are not constructed based on pathway topology. Specifically, we show that targets of let-7 required for experimental metastasis include epigenetic regulators such as HMGA2, a chromatin remodelling factor, and BACH1. BACH1 is a basic region-leucine zipper (bZip) transcription factor that binds to MAREs (Maf recognition elements), acts as a repressor of genes that regulate the oxidative stress response (Kyo et al, 2004) , and suppresses p53-mediated cellular senescence (Dohi et al, 2008) . Our work reveals that BACH1 also directly regulates MMP1, one of four key pro-angiogenic genes shown to potentiate breast metastasis and mediate invasion and HMGA2 regulates OPN, an instigator of distant tumour growth (McAllister et al, 2008) . Interestingly, MMP1 and OPN contribute to metastasis most strongly when RKIP is depleted, and network analysis shows that the BMS, which is regulated in part by RKIP, has one of the strongest associations with clinical metastatic risk. Furthermore, the RKIP/let-7 to BACH1/MMP1 axis is particularly predictive for breast cancer metastasis.
The RPMS likely identifies a subpopulation of high-risk human breast tumours by revealing a cellular signalling environment that is favourable to metastatic progression. Similar to other tumour suppressors, RKIP loss alone is not sufficient to promote invasion and metastasis unless RKIP depletion occurs in certain cellular signalling contexts ( Figure  7A-C) . High invasion does not require high expression of all three BMS genes in breast cancer cell lines, suggesting that other metastasis genes might also play a role in the RPMS pathway. Finally, it is likely that the let-7 pathway is only one mechanism by which RKIP regulates RPMS genes, and there are other pathways controlled by the RKIP axis. Detailed investigation of genes that comprise the RKIP network should yield further insight into the mechanism by which RKIP suppresses metastatic progression. Our findings imply that targeting BACH1, MMP1, OPN, and possibly other BMS genes would be highly effective for RPMS-positive tumours, and illustrate the potential therapeutic utility of signalling pathway signatures.
Materials and methods

Cell culture and generation of cell lines
Cell lines (MDA-MB-231 1833, MDA-MB-436, MDA-MB-435) expressing RKIP or inducible let-7g, or with stable knockdown of RPMS genes, were generated and maintained as previously described (Dangi-Garimella et al, 2009). MMP1, CXCR4, or/and OPN expressing cell lines were generated by transducing target cells with MMP1, CXCR4, or OPN subcloned into a pLenti4 lentiviral vector (Invitrogen Corp., Carlsbad, CA). The HMGA2 expressing cell line was generated by transfection with pH3HX-HMGA2. Cells were selected in 400 mg/ml G418. Methods for transient transfection of pre-miR let-7g and anti-miR let-7g have been described (DangiGarimella et al, 2009) . BACH1 3 0 UTR luciferase reporter constructs were cloned into psiCheck2 plasmid (Promega, Madison, WI). MMP1-pro is a luciferase reporter construct containing the human MMP1 276 bp upstream of the transcriptional start site in pGL3basic plasmid backbone (Promega).
Immunoblotting
Cells were lysed in RIPA buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% sodium dodecyl sulphate, 1% Nonidet P-40) supplemented with a cocktail of protease inhibitors (Calbiochem, San Diego, CA). The protein concentration of each lysate was determined using the BCA assay (Bio-Rad, Hercules, CA) and resolved and probed as described (Dangi-Garimella et al, 2009) . Antibodies specific for BACH1 (sc-14700), MMP1 (sc-12348), OPN (sc-20788), and a-tubulin (sc-8035) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody for CXCR4 (551852) purchased from BD Biosciences (Bedford, MA) and the antibody for HMGA2 (59170AP) was purchased from BioCheck Inc. (Foster City, CA). Anti-RKIP antisera used was generated by immunizing rabbits with purified GST-RKIP (a-RKIP).
In vitro cell assays
Invasion and cell proliferation assays were performed as previously described (Dangi-Garimella et al, 2009) . Luciferase reporter assays were performed using a Dual-Luciferases Reporter Assay (Promega) as described by the manufacturer. Transfections were performed in 24-well plates. At 48 h post-transfection, medium was removed, and the cells were washed twice with cold PBS. A measure of 100 ml of Passive Lysis Buffer (Promega) was added to each well. A total of 10 ml of lysate was analysed by a GloMax microplate luminometer (Promega). Renilla luciferase activity was used as an internal control.
Animal studies
All animal work was done in accordance with a protocol approved by the Institutional Animal Care and Use Committee. Bone metastasis assays have been described (Dangi-Garimella et al, 2009) . For the tetracycline induction of let-7g, 1833 let-7g tetinducible cells were plated in the presence of 2 mg/ml doxycycline. Twenty-four hours later, cells (10 5 ) were injected into the left ventricle of mice. Two days later, mice were administered drinking water containing 4% sucrose only or 2 mg/ml doxycycline and 4% sucrose. Mice were imaged for luciferase activity after 3 weeks. Bone metastases were localized in either the skull or femur/tibia regions of the mice dependent upon cell type and age of animal. The intravasation assays were conducted as previously described (Dangi-Garimella et al, 2009) .
RNA isolation and RT-PCR
Total RNA was isolated from cells with RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Valencia, CA) . Reverse transcription and RT-PCR was performed as before (DangiGarimella et al, 2009 ).
Quantitative ChIP analysis
ChIP was carried out as described previously (Wu et al, 2005) with 2 mg of antibodies against either BACH1 (sc-14700, Santa Cruz Biotechnology), Jun (Santa Cruz Biotechnology), or with preimmune serum. The precipitated chromatin (2 ml) was analysed by quantitative real-time PCR with the indicated primer pairs. Forward and reverse primers for real-time PCR (5 0 -3 0 ) ChIP analysis were as follows: MMP1(BACH1), CTTGTTTGAAGTTAATCGTGACAC and AGCCTCTTGCTGCTCCAATATC; HO-1(BACH1), CAGTGCCTCCTCA GCTTCTC and CTCGGTGGATTGCAACATTA, and rRNA as an internal control, ATTAGTCAGCGGAGGAAAAGAAAC and TCGCCGTTACTGA GGGAATC.
Statistical analysis of experimental results
Samples were analysed by the two-sample Student's t-test assuming unequal variances (two-tailed). Excel software was used for statistical analysis. P-values were calculated for samples from three independent experiments unless otherwise indicated.
Software
All analyses were performed using the R language and environment for statistical computing version series 2.8 through 2.9 (R core development team, 2009). The base packages from Bioconductor version 2.4 (Gentleman et al, 2004) were used and other R packages used are described. Unless otherwise noted, default parameters were used.
Microarray data processing and normalization
The microarray expression data used in this study are available through the GEO or other public repository. The BrCa443 data set is comprised of three cohorts: GSE5327, GSE2034, and GSE2603. The BrCa871 data set is comprised of five cohorts: GSE1456, GSE2990, GSE3494, GSE7390, and GSE11121. Duplicate samples (126 out of 997) were identified by sample identifier and removed. The BrCa295 data set is comprised of a single cohort (http:// www.rii.com/publications/2002/vantveer.html). For the BrCa443 and BrCa295 data set, raw data were not available for all the samples at the time this work was initiated; therefore, processed data were used unless otherwise noted. For the BrCa871 data set, Affymetrix CEL files for all samples were processed at once using the RMA method as implemented in the 'affy' R package version 1.20.2 . Only genes common to all platforms were kept, and if multiple probes existed for the same gene, the probe with the highest variance was used. Final normalization of all three data sets was performed by z-score transformation (Cheadle et al, 2003) . The GEO accession numbers for the two microRNA expression data sets used are GSE19783 and GSE7842.
Construction of candidate let-7 target gene list
To obtain a high-confidence set of let-7 target genes, we used the intersection of two leading target prediction programs: TargetScanS (Lewis et al, 2005) and PicTar (Krek et al, 2005) . For TargetScanS, we only used the genes whose target sites contain both 7 mer seed match and the anchored adenosine nucleotide (t1A þ m8); for PicTar, we only used the five-species predicted targets. In addition, we included a few target genes with experimental evidence, which were compiled from the TarBase database (Sethupathy et al, 2006) .
GSA and gene set reduction
To test whether gene sets were enriched in response to genes of interest, we utilized GSA as implemented in the 'GSA' R package version 1.03 Tibshirani, 2007, 2010) . The 'maxmean' test statistic was used to test enrichment with P-values and falsediscovery rates based on 500-1000 permutations. For restandardization, a method that combines randomization and permutation to correct permutation values of the test statistic and to take into account the overall distribution of individual test statistics, the entire data set was used rather than only the genes in the gene sets tested. This method of restandardization was chosen because we used GSA for hypothesis testing rather than for exploratory analysis; therefore, only a small number of gene sets were analysed. Gene sets analysed include the bone metastasis gene signature (Kang et al, 2003) , the high-confidence predicted let-7 target genes described above, and predicted BACH1 target genes from TRANS-FAC version 7.4. When RKIP was used as a response variable in GSA, we conservatively chose to average all probe sets for RKIP prior to z-score transformation if multiple probe sets for RKIP existed on the platform. Prior to GSA and the calculation of gene scores, genes in the gene set that overlap with the response variable or were used to calculate the response variable (in the case of metagene values) were removed to prevent bias.
The BrCa443 data set was used as an initial training set to test the expected relationships between the genes in the RKIP metastasis signalling pathway. Also, because not all genes in the gene sets are expected to be significant, the BrCa443 was also used as a training set to reduce the size of the gene sets. For gene set reduction, only the genes with gene scores having the same sign as the maxmean statistic were kept. This resulted in a reduction of the let-7 target gene set down to 22 genes and a reduction of the BACH1 target gene set down to 90 genes (Supplementary Table SI ). The BrCa871 data set was used to validate the GSA results using both the full gene sets and the reduced gene sets.
Random forest regression for pathway analysis
We assume that if a gene set is significantly enriched in response to a gene of interest, individual genes in the gene set may be mechanistically related to the response gene. To select individual genes for functional validation, genes in a gene set most strongly associated with the response gene were prioritized. This selection was based on individual gene scores returned by GSA, which represent a distribution of univariable test statistics. However, GSA is meant to test the significance of a gene set and not individual genes. Thus, to complement GSA results, we used random forest regression analysis (RF-R), a non-parametric ensemble partitioning tree method that can control for the effects of all genes in the gene set and can account for the effects of interactions between genes (Breiman, 2001; Pang et al, 2006) . For each gene, an importance score is determined, which is a measure of the ability of variables to account for variance (higher scores are better). Therefore, RF-R was used to confirm that each gene in the RKIP pathway that we selected for biological testing was strongly associated with upstream pathway genes based on the clinical expression data. This approach was also combined with GSA as a means to validate RKIP pathway relationships using the BrCa871 data set. Performance of RF-R was measured using a pseudo-R-squared (one minus the mean square errors divided by the variance), and importance scores were measured by the mean decrease in test-mean squared error. In general, RF-R results were based on 500 trees and 100 Monte Carlo replications. RF-R was implemented using the 'random forest' R package version 4.5-30 (Liaw and Wiener, 2002) .
The RKIP pathway metastasis signature For RKIP and the three metastasis mediators MMP1, CXCR4, and OPN, the RPMS solely measures the mRNA expression of these genes. For the microRNA let-7 and the transcription factor BACH1, the signature measures a meta-gene for let-7 targets (LET7-TG) and the meta-gene for BACH1 targets (BACH1-TG) as an indicator of the functional activity of these regulatory genes. Ideally, we would also measure a meta-gene for HMGA2 targets; however, a list of predicted targets for this transcription factor is not available, hence, we use the mRNA expression value for the gene.
To calculate a meta-gene for let-7 targets (LET7-TG), we used a weighted average of the 22 genes in the reduced let-7 target gene set derived from the BrCa443 data set. Specifically, the expression values for let-7 target genes with gene scores having the same sign as the maxmean statistic were averaged and weighted by the individual gene scores (see Supplementary Table SI for a list of the gene scores). In this way, a meta-gene value for the predicted let-7 target genes that are enriched in response to RKIP is derived for each sample. This meta-gene could then be used as a variable for further GSA or other analyses. A similar approach was used to calculate a meta-gene value for the predicted BACH1 target genes. Here, the meta-gene for BACH1-TG is a weighted average of the 90 genes in the reduced BACH1 target gene set enriched in response to LET7-TG. Of note, the genes and weights used for meta-gene calculation for all patients in all data sets were determined from the BrCa443 training set.
Univariable survival analysis stratified by individual RPMS genes All patients with metastasis-free survival information from the BrCa871 data set (695 patients) were included in survival analyses. Univariable survival analysis was performed by the Kaplan-Meier method and log-rank test using the 'survival' R package version 2.35-4 (Therneau and Lumley, 2009 ). Patients were stratified using a median cutoff for the expression values of the gene or meta-gene of interest.
Determining cooperativity for RPMS genes
All patients with metastasis-free survival information from the BrCa871 data set were included in survival analyses (695 total patients, see Supplementary data). Similar to our previous work (Minn et al, 2007; Weichselbaum et al, 2008) , multivariable survival analysis was performed using RSF, an ensemble partitioning tree method for survival data, using the 'randomSurvivalForest' R package version 3.5.1 (Ishwaran and Kogalur, 2008; . In general, 1000 trees were evaluated using the log-rank splitting rule. To improve computational speed, a random version of the log-rank splitting rule was optionally used by invoking random split points rather than deterministic splitting. All genes and metagenes in the RPMS were used as continuous variables. Any missing data were imputed. Joint importance scores for RPMS genes as a function of RKIP status were determined by using the full RSF model, restricting the data by RKIP status, and calculating the joint importance score using random daughter assignment. If the sum of the importance scores for the RPMS genes considered separately is less than the joint importance score of all genes considered together, this difference was used as a measure of between-group cooperation. Results were based on 500 Monte Carlo replications.
RPMS pathway network analysis
The association of cancer-related gene sets to the RKIP metastasis pathway was tested by using a set of 65 KEGG cancer-related gene sets (see Supplementary data). To assemble the KEGG cancer-related gene sets, a KEGG gene set collection was obtained (http://www.broadinstitute.org/gsea/msigdb/collections.jsp), and we manually removed any KEGG gene sets that was specific for a non-cancer disease (e.g., 'cholera infection') or for a particular pathway/biological process judged to be not closely cancerassociated (e.g., 'caffeine metabolism'). We also included the proliferation meta-gene and various and disparate other common breast cancer prognostic gene signatures such as the MammaPrint 70 gene signature (van 't Veer et al, 2002) , the wound signature (Chang et al, 2005) , and an invasiveness gene signature (Liu et al, 2007) . The BMS gene set was included to determine how it compares to the others. Using the BrCa443 data set, GSA was used to calculate which of the gene sets were associated with RKIP expression using an FDR cutoff of 0.05. As a second test criterion, the significance of the number of genes in each significant gene set that overlapped with either LET7-TG or BACH1-TG was determined by a hypergeometric test. Gene sets with an uncorrected P-value 40.05 were removed. Thus, only gene sets that pass both test criteria were kept. These gene sets were used as nodes in the network in addition to RKIP, LET7-TG, and BACH1-TG. Undirected edges were used to represent nodes with shared genes. In total, the network includes 28 nodes connected by 50 undirected edges.
In order to determine the clinical significance of the nodes in the RPMS network, we used the BrCa871 data set. For each patient, a value for each node in the network was assigned by calculating a meta-gene value similarly to LET7-TG and BACH1-TG. That is, the expression value of the genes with gene scores having the same sign as the GSA maxmean statistic from the BrCa443 data set were averaged and weighted by the individual gene scores. These metagene values were combined with the expression values for RKIP, LET7-TG, and BACH1-TG and used in an RSF model for metastasisfree survival. The relative importance scores of the nodes were used as a measure of how much each pathway in the network contributes to metastatic risk.
Sweave documentation and custom R packages
To ensure reproducibility, all procedures used for microarray data processing and normalization, and the code to reproduce all key findings in the manuscript are documented using Sweave (see Supplementary data). Functions, data, and meta-data needed to reproduce key results are provided as custom R packages.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
